Abstract: Nanoparticle drug delivery (NDDS) is a novel system in which the drugs are delivered to the site of action by small particles in the nanometer range. Natural or synthetic polymers are used as vectors in NDDS, as they provide targeted, sustained release and biodegradability. Here, we used the chitosan and hepatoma cell-specific binding molecule, glycyrrhetinic acid (GA), to synthesize glycyrrhetinic acid-modified chitosan (GA-CTS). The synthetic product was confirmed by Fourier transformed infrared
Introduction

5-fluorouracil (5-FU) is a first-line anticancer drug that inhibits tumor cell proliferation by
interfering with the synthesis of nucleic acid. However, its efficacy is affected by low lipophilicity and low bioavailability [1, 2] . In addition, its clinical use is limited by unwanted side effects, such as gastrointestinal reactions, myelosuppression, alopecia and ataxia, and by its narrow therapeutic index (the therapeutic dose is close to the toxic dose) [3] . Structural optimization of 5-FU has been undertaken in an attempt to improve selectivity and to reduce side effects. This has resulted in the discovery of a series of prodrugs associated with fewer side effects and a higher chemotherapeutic index than 5-FU (e.g., fluorouridine and tegafur, which are in clinical trials) [4, 5] . However, the prodrugs are still limited by adverse effects, resulting from a lack of selectivity for cancer cells.
Drug delivery systems carry drugs to the targeted cells by exploiting the different physiological and biochemical characteristics of tumor and normal cells [6] . These systems can be used to reduce the distribution and metabolism of 5-FU in non-target organs and tissues. They also improve the drug efficacy and reduce side effects as a result of the lower doses that are administered. The natural polymer, chitosan (CTS), and its analogues have been widely studied as drug vectors, based on their lack of toxicity, biodegradability, good biocompatibility and absorption [7] [8] [9] . Small-molecule drugs, such as 5-FU and paclitaxel, carried by CTS or its derivatives, result in extended release, improved bioavailability and reduced side effects [10] [11] [12] . These carrier agents also have adhesion and biodegradability properties, which give them the potential to improve drug efficacy. Targeted drug delivery has been shown to concentrate the drugs at the site of diseased tissue, thereby greatly reducing side effects in normal tissues and improving the biodegradability and drug efficacy [13, 14] . Glycyrrhetinic acid (GA) has been shown to specifically bind to receptors on the liver cell membrane, as there are more glycyrrhetinic acid binding sites in hepatoma cells than in other cells [15] . Therefore, nanomaterials combined with glycyrrhetinic acid will tend to accumulate in hepatoma cells, leading to improved growth inhibition [16, 17] .
In this study, we prepared glycyrrhetinic acid-modified chitosan (GA-CTS), which was used to synthetize a GA-CTS/5-FU nanoparticle. The results showed that the sustained release system (GA-CTS/5-FU nanoparticle) efficiently targeted the drug to liver and significantly inhibited tumor growth in an orthotropic liver cancer mouse model, resulting in increased survival time.
Results
Fourier Transformed Infrared Spectroscopy (FT-IR) Spectra and 1 H-Nuclear Magnetic Resonance
( 1 H-NMR) of GA-CTS Figure 1A shows the FT-IR spectra of GA, CTS and GA-CTS. FT-IR spectra of GA existed as an oleanane-type pentacyclic triterpene skeleton. The characteristic absorption peak was at the bending vibration absorption of the C-H in-plane group of the gem-dimethyl moiety connected to C 4 . The characteristic absorption peak of the p-π conjugated carbonyl group of C 11 , respectively, in the GA/CTS nanoparticles. The intensity of amide band I increased, while the intensity of amide band II decreased. The absorption band of the carboxyl group in GA (1706 cm −1 ) disappeared. These changes were attributed to the formation of the amide bond between the GA carboxyl group and the CTS amine. Figure 1B shows the 1 H-NMR results of CTS and GA-CTS. Chemical shifts of 1.410 ppm and strong characteristic absorption peaks at 0.566 were observed for CTS, which were attributed to the protons in the -CH 3 , -CH 2 and -CH groups of GA. These data indicate the successful connection of GA to the amino group of CTS. 
Characterization of GA-CTS/5-FU Nanoparticles
Scanning electron microscopy (SEM) of GA-CTS/5-FU showed the presence of spherical nanoparticles (sized 217.2 nm) with smooth surfaces (Figure 2A ). The polydispersity index (PI) was 0.003, indicating good dispersion ( Figure 2B ). The zeta potential was +30.6 mV ( Figure 2C ) and drug loading efficiency was 1.56%.
To study the release of GA-CTS/5-FU nanoparticles, an in vitro release curve was generated using simulated body fluid. Linear regression of the peak area ratio of the 5-FU concentration (0.1 to 20 mg/L) curve was calculated as y = 2.5721x + 0.6851 (r = 0.9956). Rapid release was observed for 5-FU in simulated body fluid (SBF) with a cumulative release percentage of 95.7% within 1 h. Nanoparticle release occurred in three stages ( Figure 2D ). Rapid release was observed between 0 and 6 h, which was followed by a cumulative release of 20.6%, due to the diffusion of surface 5-FU into the SBF solution. A smooth slow-release process occurred between 6 h and day 7, resulting in a cumulative release of 91.4%. During day 7 to 10, the release reached a plateau, with a cumulative release percentage of 95.6% and additional release of only 4.2% on day 10. 
D
Dose-and Time-Dependent Cytotoxicity of GA-CTS Nanoparticles in Tumor Cells
As shown in Figure 3A 
Cytotoxicity of GA-CTS Nanoparticles in Drug-Resistant Hepatoma Cells
A moderately drug-resistant hepatoma cell line (resistance index (RI): 8.6) was established to study the inhibitory activity of GA-CTS/5-FU nanoparticles in drug-resistant cells. 50% inhibiting concentration (IC 50 ) values for the inhibitory activity of 5-FU on parent and drug-resistant SMMC-7721 cells was 6.76 mg/L and 32.34 mg/L, respectively, while the IC 50 of GA-CTS/5-FU on parent and drug-resistant SMMC-7721 cells was 2.05 mg/L and 8.33 mg/L; its RI was 4.06 (Table 1) . As shown in Figure 4A , the cytotoxicity of drugs on the drug-resistant cell lines was dose-dependent. Inhibition was significantly higher with GA-CTS/5-FU than with 5-FU at the same concentration (p < 0.01). All groups inhibited tumor growth in a time-dependent manner. Cytotoxicity in the GA-CTS/5-FU group was significantly higher than in the 5-FU group ( Figure 4B , p < 0.01). Taken together, these results indicate a strong inhibitory effect of GA-CTS/5-FU in drug-resistant hepatoma cells. Endocytosis of GA-CTS nanoparticles by normal liver LO2 cells and by hepatic cancer SMMC-7721 cells was analyzed under confocal microscopy. As shown in Figure 5C , strong green fluorescence was observed in SMMC-7721 cells following exposure to GA-CTS nanoparticles, indicating endocytosis of a large number of GA-CTS particles. SMMC-7721 cells exposed to CTS nanoparticles showed moderate intensity fluorescence. However, only weak intensity fluorescence was observed in LO2 cells exposed to GA-CTS nanoparticles. These data indicate that GA-CTS nanoparticles target hepatic cancer cells and entered the cells through receptor-mediated endocytosis. 
GA-CTS LO2
In Vivo Anti-Tumor Efficacy of GA-CTS/5-FU
As shown in Figure 6A ,B, tumor weights were significantly lower in the GA-CTS/5-FU group (0.52 ± 0.11 g) than in the GA-CTS (1.62 ± 0.15 g) or control groups (1.64 ± 0.21 g; p < 0.01). In the 5-FU group, tumor weight was significantly less than in the control group (p < 0.01), but no differences were seen between the GA-CTS group and controls (p > 0.05).
Kaplan-Meier analysis showed that the median survival was 16 days in the control group, with all the mice dying between day 11 and 20 ( Figure 6C ). Mice in the GA-CTS group had a median survival of 17 days, with all the mice dying between day 12 and 22. Mice died between day 18 and 30 in the 5-FU group, with a median survival of 24 days. Mice treated with GA-CTS/5-FU had a significantly longer median survival (35 days) than in other groups (p < 0.01), with all mice dying between 21 and 43 days. 
Discussion
Targeted drug therapy can specifically deliver drugs to tumor tissues, resulting in increased local concentrations and reduced toxicity. Glycyrrhetinic acid, an aglycone of glycyrrhizin, acts as an antioxidant and detoxifying agent. It has been shown to increase apoptosis in hepatoma cells [18, 19] . It also has the ability to target the liver [20, 21] and has been shown to specifically bind to receptors on the liver cell membrane [22] . These properties make glycyrrhetinic acid a suitable candidate for use in the development of novel drugs that target liver disease ( Figure 1C) .
In the present study, GA-CTS identified by IR and 1 H-NMR was used to investigate the feasibility of using GA-CTS as a drug carrier to the liver. 5-FU is a widely used anti-cancer drug, which is toxic to normal cells and has a short plasma half-life of 15 to 20 min. Improving the bioavailability and site-specific delivery of 5-FU and reducing its side effects may provide obvious therapeutic advantages. In this study, we prepared GA-CTS/5-FU nanoparticles with an average diameter of 217.2 nm. SEM imaging showed that GA-CTS/5-FU nanoparticles were spherical, smooth surface structures that adhered to one another and were not fully dispersed after centrifugation. The polydispersity index (PI) is an important indicator of the physical stability of nanoparticles. PI values between 0.1 and 0.25 indicate good uniformity, while values >0.5 are indicative of poor uniformity [23] . Prior to centrifugation, the GA-CTS/5-FU nanoparticles used in our study had PI value of 0.003, with a single peak, indicating good uniformity. The release of nanoparticles in SBF occurred in stages, characterized by sustained release, which was similar to previous studies [24] . Rapid release was observed between zero to 6 h, with a cumulative release of 20.6%, resulting from diffusion of surface 5-FU into the SBF solution. Smooth, slow-release occurred after between 6 h and 7 days. Following the gradual degradation of insoluble, hydrophobic material, the drug diffused through the membrane, resulting in a cumulative release of 60.8% between day 7 and 10 and a residual drug release of 4.2% on day 10.
The anti-tumor mechanism of 5-FU is associated with the metabolite, 5-F-deoxy-uridine monophosphate (dUMP), which inhibits thymidylate synthase (TS) activity and blocks the methylation of dUMP to deoxythymidine monophosphate (dTMP) which, in turn, affects DNA synthesis [25, 26] . Between day 1 and 5, the inhibition for CTS/5-FU was lower than 5-FU, probably due to the slow release of 5-FU encapsulated by CTS and low cellular concentrations 5-FU. The inhibition reached a plateau between day 6 and 10. This profile was not observed with the GA-CTS nanoparticle group, which had a longer duration of action. These findings are in general agreement with our previous report demonstrating the inhibition of tumor cells by galactosyl chitosan/5-FU [27] .
To investigate the effect of GA-CTS/5-FU nanoparticles on drug-resistant cells, we established a SMMC-7721 cell line that was moderately resistant to 5-FU (RI: 8.6) [28] . Our results demonstrated that GA-CTS/5-FU significantly inhibited the proliferation of SMMC-7721 cells that were resistant to 5-FU. Cytotoxicity in the GA-CTS/5-FU group was significantly higher than in the 5-FU group. 5-FU is both poorly fat soluble and poorly water soluble. The mechanism of drug resistance might therefore be related to membrane, enzyme and genetic abnormalities [29] [30] [31] . GA-CTS nanoparticles enter cells by binding to GA receptors on the membrane. This is followed by a process of endocytosis, which is different from the mechanism seen with 5-FU, making the particles effective against drug-resistant cells.
To explore the liver targeting efficiency of GA-CTS/5-FU nanoparticles, in vivo distribution was evaluated. Absorption in hepatoma cells was analyzed using confocal microscopy. The results showed that the concentration of 5-FU in hepatocellular carcinoma (HCC) from GA-CTS/5-FU was 2.81-, 5.81-and 7.29-times higher than that achieved with CTS/5-FU, 5-FU and the control, respectively. Confocal microscopy provided evidence of a stronger green fluorescence in hepatoma cells exposed to GA-CTS nanoparticles than in those exposed to CTS. Hepatoma cells exposed to GA-CTS nanoparticles also had a stronger green fluorescence than normal liver cells. These results provide evidence of the enrichment of GA-CTS nanoparticles on the surface of hepatoma cells, which facilitates the binding of GA binding to GA receptors or other binding sites. This is followed by endocytosis of 5-FU at optimal local concentrations [16] .
Our results also demonstrated that tumor weight in a mouse orthotopic liver transplantation model was significantly lower in animals who had received GA-CTS/5-FU than in other groups. No antitumor effect was observed in the GA-CTS group. Kaplan-Meier analysis showed longer median survival in the GA-CTS/5-FU than in 5-FU group, further indicating better anti-tumor efficacy. This suggests that GA binding might result in a higher concentration of 5-FU in the hepatoma cells [32] . GA-CTS/5-FU also attenuated the toxicity caused by 5-FU.
Experimental Section
Mice and Cell Lines
The human hepatocellular carcinoma cell line (SMMC-7721) and normal liver cells (LO2) were obtained from the Committee on Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The human colon cancer cell line (SW480) was purchased from the American Type Culture Collection (Manassas, VA, USA), and the mouse hepatoma cell line, H22, was purchased from the China Center for Type Culture Collection (CCTCC, Wuhan, China).
Female BALB/c mice, 7 weeks of age, weighing about 20 g, were obtained from the Science Department of Experimental Animals of Fudan University in China and kept under standard conditions of an animal room (temperature, 25 °C; humidity, 55%~60%) in a specific pathogen-free level B animal facility. All animal care and experimental protocols complied with the Animal Management Rules of the Ministry of Health of the People's Republic of China and were approved by the ethics committee of Shanghai Zhoupu Hospital (Shanghai, China) and Fudan University.
GA-CTS Synthesis
EDC.HCl (1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride, Sigma, St. Louis, MO, USA) and NHS (N-hydroxysuccinimide, Sigma, St. Louis, MO, USA) were added to GA solution (1 g, Xi'an Fujie Pharmaceutical Co., Ltd, Yilu, China) in DMF (dimethylformamide, Amresco, Solon, OH, USA). The solution was mixed with 2% chitosan in acetic acid and stirred at room temperature. After 48 h, the mixture was precipitated with acetone, and the precipitate was washed with 60% ethanol and ether. The final product was obtained after vacuum drying.
FT-IR Spectroscopy
Eighty-five percent deacetylated CTS powder (Sigma, St. Louis, MO, USA) and GA-CTS were pressed into a potassium bromide (KBr) pellet. The composites were analyzed by FT-IR (NEXUS, Nicolet, USA) in the range 400-4000 cm −1 .
1 H-NMR Experiments
To verify the structure of CTS and GA-CTS, samples were dissolved in a solution of deuterium chloride and D 2 O.
1 H-NMR spectra were recorded using a Varian NMR System 600 machine at a resonance frequency of 600 MHz. Tetramethylsilane (TMS) was used as a reference compound.
Preparation of GA-CTS/5-FU Nanoparticles
GA-CTS/5-FU nanoparticles were prepared by the ionic crosslinking method. Briefly, 32 mg of GA-CTS was dissolved in 8 mL aqueous solution of acetic acid (1% by w/v), and the pH was adjusted to 4.7 with 0.1 M NaOH. Subsequently, 32 mg of 5-FU was incorporated in the above solution. Next, 12.8 mL 0.05% (w/v) sodium polyphosphate (TPP) solution was added dropwise into the above solution under magnetic stirring at a low velocity and allowed to crosslink for 50 min. The formation of nanoparticles started spontaneously via the TPP initiated ionic gelation mechanism. The suspension was subjected to repeated cycles of washing by deionized water and centrifugation (10,000 rpm for 30 min) to remove the unreacted CTS, TPP and NaOH to separate nanoparticles, then lyophilized and stored at 4 °C.
Particle size distribution and zeta potential were determined by dynamic light scattering and a laser particle size analyzer (Zetasizer-3000HS, Malvern Instruments Ltd., Worcestershire, UK) equipped with a 10 mW helium-neon laser at a wavelength of 633 nm, 90° scattering angle and temperature of 25 °C. The suspension liquid of drug-loaded nanoparticles was prepared in the cuvette. The size and distribution of nanoparticles were measured by putting the cuvette into the sample cell. The zeta potential of the nanoparticle suspension was measured in the pipeline, which was put into a 5 mL syringe. The nanoparticles were centrifuged at 10,000 rpm for 30 min to remove NaOH and 5-FU and were dispersed in ddH 2 O; these procedures were repeated three times. The suspension liquid of nanoparticles was dispersed and dropped onto foil, after drying in an oven. The morphology of the nanoparticles was observed by a field emission scanning electron microscope (FE-SEM, Hitachi S-4800, Hitachi Ltd., Tokyo, Japan).
In Vitro Release of GA-CTS/5-FU Nanoparticles
To prepare a standard curve, a series of working solutions 
Establishment of SMMC-7721/5-FU Drug-Resistant Cell Lines and Calculation of Resistance Index
A drug-resistant SMMC-7721/5-FU cell line was established using concentration gradients and increased induction [33] . Briefly, 20 mL of SMMC-7721 cells (1 × 10 4 /mL) in logarithmic phase growth were cultured for 24 h at 37 °C in 5% CO 2 in 100 mL culture flasks containing RPMI 1640 medium supplemented with 10% neonatal bovine serum (NBS). At the end of the incubation period, the culture solution was replaced with 5-FU (3.2 mg/mL). Forty-eight hours later, the solution containing the drugs was discarded and replaced with 5-FU solution at (0.8 mg/mL). The process was 
Orthotopic Transplant Mouse Model of Hepatocellular Carcinoma
Mice with cancer were sacrificed, the tumors were extracted and a cell suspension containing 6 × 10 7 cells was prepared. Recipient mice were anesthetized by intraperitoneal injection of 20% urethane. Then, 50 µL of cell suspension were subcutaneously implanted in the left lobe of the liver. The abdomen was closed after 2 min.
Targeting GA-CTS/5-FU Nanoparticles in Hepatocellular Carcinoma In Vivo
Following tumor implantation, the mice were randomly divided into three groups (n = 5) and treated with 200 µL of 5-FU, CTS/5-FU or GA-CTS/5-FU (5-FU: 0.371mg). The mice were sacrificed after 30 min. Liver tumor, liver, spleen, kidney, lung, muscle, heart and small intestine were harvested, washed in saline solution and dried on filter papers. The tissue (0.5-1.0 g) was homogenized, and the concentration of 5-FU in 0.5 mL of the homogenates was determined.
Targeting of GA-CTS Nanoparticles in Hepatic Cancer in Vitro
SMMC-7721 and LO2 cells were plated into 6-well plates and incubated for 24 h. The cells were exposed to fresh medium containing CTS or GA-CTS nanoparticles labeled with different FITC concentrations for 4 h. The cells were fixed in 4% paraformaldehyde at room temperature for 20 min and stained with Hoechst 33258 nuclear dye (Sigma, St. Louis, MO, USA). After washing three times in 0.01 M PBS, coverslips were added, and the slides were observed under a fluorescence microscope using a 488 nm excitation filter for FITC and a 405 nm filter for Hoechst 33258. The images were analyzed using NIS-Elements software.
Inhibitory Effects of GA-CTS/5-FU Nanoparticles in and Orthotopic Liver Transplantation Mouse Model
Five days after establishment of the orthotopic liver transplantation mouse model, tumor size reached 4-6 mm. Six days after model establishment, mice were divided into four groups: control, GA-CTS, 5-FU and GA-CTS/5-FU. Mice in the four groups were injected with saline, GA-CTS, 5-FU or GA-CTS /5-FU nanoparticles, respectively, at a volume of 200 µL (all 5-FU-containing injections contained 0.371 mg of 5-FU). Drugs were administered for 5 days, and 10 mice in each group were killed at 10 days by an overdose of anesthesia to harvest their tumor tissues. All efforts were made to ameliorate animal suffering. The tumor growth and tumor weight were measured in each group. The remaining 13 mice in each group were used for survival analysis.
Statistical Analysis
All data were expressed as the means and standard deviations (±SD). One-way analysis of variance (ANOVA) and the least significance difference (LSD) test were used for intergroup comparisons. Kaplan-Meier survival plots were used to analyze survival data. In all analyses, values of p < 0.05 were considered statistically significant.
Conclusions
In this study, we successfully synthesized a GA-CTS/5-FU nanoparticle as a sustained release system, which had a dose-and time-dependent anti-cancer effect and may compensate for the drug resistance of 5-FU. GA-CTS/5-FU nanoparticle significantly inhibited tumor growth against orthotropic liver cancer in mice, resulting in increased survival time.
